This paper presents results of a collaborative trial study (IUPAC project No. 650/93/97) involving 29 laboratories in 13 countries applying a method for detecting genetically modified organisms (GMOs) in food. The method is based on using the polymerase chain reaction to determine the 35S promoter and the NOS terminator for detection of GMOs. Reference materials were produced that were derived from genetically modified soy beans and maize. Correct identification of samples containing 2% GMOs is achievable for both soy beans and maize. For samples containing 0.5% genetically modified soy beans, analysis of the 35S promoter resulted also in a 100% correct classification. However, 3 false-negative results (out of 105 samples analyzed) were reported for analysis of the NOS terminator, which is due to the lower sensitivity of this method. Because of the bigger genomic DNA of maize, the probability of encountering false-negative results for samples containing 0.5% GMOs is greater for maize than for soy beans. For blank samples (0% GMO), only 2 false-positive results for soy beans and one for maize were reported. These results appeared as very weak signals and were most probably due to contamination of laboratory equipment.
T he European Parliament and the Council of the European Union (EU) have demanded in the Novel Food Regulation (EC/258/97) a clear and mandatory labeling of genetically modified organisms (GMOs) in food (1) . Because the Roundup-Ready soy beans and the BT-176 maize were put on the market before Regulation EC/258/97 came into force, labeling of products derived from these GMOs is demanded by the separate Council Regulation 1139/98 (2) . According to these regulations, labeling of food and food ingredients containing GMOs is mandatory, but not yet for food additives or food flavorings. Methods for specific detection of the most economically important GMOs are already available (3) (4) (5) (6) (7) . However, to cope with the growing number of GMOs in different food matrixes, there is a need for a screening method indicating the presence or absence of known GMOs in general. Such a method would allow discrimination of samples containing GMOs from those that are free of GMOs. GMO-containing samples can then be analyzed further to determine the strain of GMO present. This approach could facilitate considerably the work of regulatory authorities.
Recently, a screening method was published (8) that is based on the detection of 2 genetic elements, the 35S promoter and the NOS terminator, by means of the polymerase chain reaction (PCR). These 2 genetic elements are important for the expression of genes and are present in nearly all genetically modified plants (9, 10) . The method seems well suited to serve as a screening method to detect the presence of GMOs. However, it will not allow identification of the GMOs present because these genetic elements are incorporated in numerous GMOs.
The sequence of the 35S promoter is derived from the cauliflower mosaic virus, and those of the NOS terminator, from Agrobacterium turmefaciens. The possibility of natural infection of a plant with cauliflower mosaic virus or contamination with A. turmefaciens, a common soil bacterium, results in the risk of obtaining positive results by this method. Nevertheless, this method allows fast screening of different GMOs. Because most of the GMOs currently available contain these genetic elements, even GMOs not authorized for use in the EU could be detected.
Despite the legal framework mentioned above, there is currently no internationally validated method available. The screening method used for this validation study has been validated in Germany (11) and Switzerland (12) and is already integrated in the German (11) and Swiss (13) food laws. In these countries, it shall be applied routinely as a control method to enforce compliance with the regulations and decisions previously mentioned.
Interlaboratory Study
Forty-one laboratories from 14 EU member states (as well as Switzerland and the United States) were contacted to participate. Of these, 29 laboratories (from 13 countries) submitted results. The reasons why the remaining 12 laboratories did not submit results are only partly known to the authors. Explanations given ranged from unavailability of chemicals or primers to statements such as, "GMO analysis is no longer in the focus of our activities." However, in some cases no explanations were given.
The submitted data were carefully reevaluated, and finally, data from 26 laboratories were accepted (25 laboratories for soy beans and 22 laboratories for maize). Reasons for rejecting data were mainly strong deviations from the method described (different primers applied, for example, primer for the cry1a gene) and severe contamination of laboratory equipment (for example, positive results for all negative controls). Sixteen laboratories from governmental organizations or regulatory authorities (France, Austria, Finland, The Netherlands, Switzerland, Germany, Ireland, United Kingdom, Italy, and Denmark), 7 private laboratories (Switzerland, The Netherlands, Germany, and the United States), and 2 university laboratories (Germany) participated.
The following samples were distributed for the validation study for soy beans and maize: (1) known samples, labeled as containing 0 and 2% GMOs and (2) unknown, blind-labeled samples containing 0, 0.1, 0.5, or 2% GMOs.
Each concentration level was distributed 3-5 times among participants to obtain a total of 16 matrix samples for each participant and an average of 4 samples for each concentration level and matrix.
Samples
Test samples were prepared by the Institute of Reference Materials and Measurements at the Joint Research Center (JRC) in Geel, Belgium, under the most stringent conditions to avoid cross-contamination. A report of the exact procedures applied is available from the JRC. Samples were derived from raw material (grains from Roundup-Ready soy beans and maize BT-176).
The GMO and non-GMO grains were first ground and freeze-dried. After determination of the residual water content of both powders, the samples were weighed in appropriate amounts and homogenized by extensively mixing (Thurrax mixer) of a wet suspension for several hours. The suspension was then freeze-dried, ground again, and bottled under argon to ensure long-term stability. The extensive mixing and grinding reduced the average grain size to about 50 µm. The good homogeneity allowed the fixing of a minimum amount of sample to be analyzed to 100 mg. This material is commercially available from the JRC, Geel, Belgium, and Fluka, Buchs, Switzerland.
Experimental
The participants were requested to follow a protocol based on performance criteria. That is, for DNA extraction and control of amplifiability, procedures were given as examples. Participants could choose any procedure provided that the chosen procedure was compatible with the given procedure. However, the primer sequences that determine the target in the DNA were explicitly stated as fixed and could not be altered by the participants. The method description gave clear instructions and examples for each procedure. A detailed documentation of the results was required from the participants. Moreover, participants were requested to purchase their reagents locally. No reagents were supplied by the coordinator for this study. The laboratories had to state as a final result whether the sample under investigation did or did not contain GMOs.
Principle
The principle of the method was described in detail recently (8) . DNA is extracted from the sample material, with the yield controlled by gel electrophoresis. The specific DNA sequences that are part of the 35S promoter and NOS terminator are amplified with appropriate primers through PCR. The PCR products are then separated by electrophoresis. The expected products are controlled by means of length standards. PCR amplification results in a fragment of 195 base pairs (bp) for the 35S promoter and a fragment of 180 bp for the NOS terminator.
A false-positive result can occur because the 35S promoter derives from the cauliflower mosaic virus infesting plants of the group Cruciferae. Therefore, positive results with plants of the group Cruciferae should be treated carefully. However, the risk that this virus infests plants of other families is very small. The NOS terminator is of bacterial origin (A. turmefaciens); it does not occur in nongenetically modified plants. However, care should be taken with analysis of roots, because the DNA of A. turmefaciens can be introduced through soil residues on roots.
Reagents
The following abbreviations will be used for reagents: CTAB, hexadecyltrimethylammoniumbromide; TRIS, tris(hydroxymethyl)aminomethane; EDTA, ethylenediaminetetraacetic acid disodium salt; SDS, dodecylsulfate sodium salt; BSA, bovine serum albumin.
The oligonucleotides are defined as follows: 35S-1, 5′-GCT CCT ACA AAT GCC ATC A-3′ (sense); 35S-2, 5′-GAT AGT GGG ATT GTG CGT CA-3′ (antisense); NOS-1, 5′-GAA TCC TGT TGC CGG TCT TG-3′ (sense); NOS-3, 5′-TTA TCC TAG TTT GCG CGC TA-3′ (antisense).
Suggested Preparation of DNA (Extraction and Purification)
DNA polymerase can be inhibited by several compounds in the matrix. To avoid a false-negative result, the matrix was checked by specific methods that show a positive result if no inhibition takes place. PCR methods detecting eucaryote (14) or chloroplast (15) DNA were explicitly recommended.
The following methods for DNA extraction were recommended: (1) CTAB DNA method (16) and (2) Wizard extraction method (Promega, Madison, WI; 17).
Both methods are suitable and no preference was given to either one. Participants could use other methods that produced a comparable quantity and quality of DNA. Quality control of the extracted DNA was mandatory.
(a) CTAB method.-One hundred milligrams of homogeneous sample was transferred to a sterile reaction tube. Five hundred microliters of CTAB buffer (20 g CTAB/L, 1.4M NaCl, 0.1M Tris/HCl, 20 mM EDTA) was added, and the solution was mixed and incubated at 65°C for 30 min. The solution was then centrifuged for 10 min at 12 000 × g. The upper layer was transferred to a tube containing 200 µL chloroform. The mixture was mixed for 30 s and then centrifuged for 10 min at 11 500 × g until the phases separated. The supernatant was transferred to a new tube, and 2 volume parts of CTAB precipitation solution (5 g CTAB/L, 0.04M NaCl) was added. The mixture was incubated for 60 min at room temperature and then centrifuged for 5 min at 12 000 × g. The supernatant was discarded. The precipitate was dissolved in 350 µL NaCl (1.2M), and 350 µL chloroform was added. The mixture was mixed for 30 s and then centrifuged for 10 min at 12 000 × g until the phases separated. The upper layer (aqueous phase) was transferred to a new reaction tube. Isopropyl alcohol (0.6 volume parts) was added, and the mixture was mixed and centrifuged again for 10 min at 11 500 × g. The upper layer was discarded. Ethanol solution (70% v/v; 500 µL) was added to the vial containing the pellet, and the mixture was mixed carefully and centrifuged for 10 min at 11 500 × g. The supernatant was discarded, the separated pellet was dried, and the DNA was redissolved in 100 µL sterile, deionized water.
(b) Wizard method.-Three hundred milligrams of homogeneous sample material was transferred to a reaction tube. Then 860 µL extraction buffer (10 mM Tris, 150 mM NaCl, 2 mM EDTA, 1% SDS), 100 µL guanidine hydrochloride solution (5M), and 40 µL proteinase K solution (20 mg/mL) were added. The mixture was incubated for at least 3 h at 55°-60°C, gently shaken, and centrifuged for 10 min at 12 000-14 000 × g after having been cooled down to room temperature. Five hundred microliters of the supernatant was mixed with 1 mL Wizard DNA Purification Resin (Promega) in a reaction vial. A 2 mL syringe was mounted on the column, and the mixture was pushed with the plunger through the column. The DNA-resin mixture was washed with 2 mL 80% isopropyl alcohol, and the column was mounted on top of a reaction vial. Both were centrifuged for 2 min at 10 000 × g, and the column was dried for 5 min at room temperature. After the column was mounted on a new reaction vial, the DNA was eluted by adding 50 µL elution buffer (10 mM Tris) at 70°C, incubating for 1 min, and centrifuging the column for 1 min at 10 000 × g.
Gel Electrophoresis of DNA
Extracted DNA was determined by gel electrophoresis with a 1.5% gel, PCR products were determined on a 2% gel, and digestion fragments were determined on a 3% gel in TBE buffer (10 mM Tris, 2.75 g boric acid/L, 1 mM EDTA disodium salt). Tables 1  and 2 were given (13) .
However, all participants were requested to optimize the conditions for their own equipment for a strong signal on the 2% standard.
Analysis of PCR products.-Detection of 195 or 180 bp fragments indicates that the sample contains 35S promoters or NOS terminators, respectively. Fragment size is estimated by using a DNA length standard. A positive result, however, cannot be interpreted quantitatively.
Quality Assurance
Each sample sequence had to include the following quality assurance samples: blank of the chemicals used, positive control, negative control (DNA of a nonmodified plant), control of the amplifiability of the extracted DNA (e.g., lectin PCR [7] for soy beans or PCR of chloroplast DNA [15] ).
To confirm detection of the target promoter or terminator, the following procedures were recommended. For enzymatic digestion with the restriction enzymes XmnI and NsiI, 10 units of the enzyme were added to 15 µL of the amplified DNA solution, and the mixture was incubated for 2 h at 37°C. Fragments were separated on a 3% agarose gel.
Results

Soy Bean
The participants analyzed 400 samples containing soy bean flour. Results for the 35S promoter are summarized in Table 3 . The 2 false-positive samples (on the 0% level) are most probably due to contamination in the laboratories, because the resulting bands in the gel electrophoresis were very weak. Four of the 5 false-negative results at the 0.1% level originated from one laboratory only. For samples containing at least 0.5% GMOs, the specificity was 100%.
Results for the NOS terminator are given in Table 4 . Detection of the NOS terminator is less sensitive than detection of the 35S promotor. Therefore, a slightly higher number of false-negative results and no false-positive results were reported. Because no false-positive results were reported, the specificity was 100%. For a sample containing 2% GMOs, the sensitivity was 100%. Only a few laboratories reported false-positive bands for the 35S promoter. However, digestion with endonucleases could not confirm the results. Thus, for unequivocal identification, confirmation through digestion with restriction enzymes is indispensable. Table 5 .
Because the genomic DNA of maize is bigger than that of soy bean, analysis of the 35S promoter in maize is less sensitive compared with soy beans, as indicated by the higher number of false-negative results with maize, especially for samples containing only 0.1% GMOs. This low concentration is near the detection limit of the method.
Only one false-positive result was reported. Therefore the specificity was close to 99%. Detection of the 35S promoter at a level of at least 2% GMOs in raw material resulted in a sensitivity of about 99%.
The maize used for the production of the reference material (BT-176 maize) does not contain the NOS terminator. Therefore, no results can be reported here. However, the results for the detection of the NOS terminator were also requested in this validation study to assess the probability of false-positive signals. No detection of a false-positive signal for the NOS terminator was reported.
Methods Applied by Participants
The laboratories used CTAB (several modifications), Wizard, phenol, DNA express kit, and Dneasy for DNA extraction; chloroplast DNA, lectin gene, zein gene, invertase gene, LTP gene, SCII gene, and adh gene for control of amplifiability; and digestion with endonucleases XmnI and NsiI and hybridization for confirmation.
No correlation could be established between the different extraction procedures and the sensitivity of the overall procedure. All reported control PCRs for amplifiability resulted in sufficient specificity and were suitable for the purposes of this validation study. Confirmation by digestion of the amplified product with restriction enzymes was by far the most often used method. However, hybridization is just as suitable for confirmation of the amplified product.
Most frequently reported problems were contamination of laboratory equipment and occurrence of extra bands (probably due to bad primer quality). In general, the analysis of soy beans revealed no analytical problems. For maize, problems were encountered with inefficient DNA extraction and the presence of inhibiting substances.
Conclusions
Detection of 2% transgenic soy beans or maize in raw material can be achieved. No false-negative results were reported for samples containing 2% of Roundup-Ready soy beans or BT-176 maize in raw material. This screening method has a limit of consistent detection (i.e., close to 100% sensitivity) for samples containing 0.5% or more Roundup-Ready soy beans or containing at least 2% of BT-176 maize in raw material. The specificity is very close to 100%. In total, only 3 false-positive results were reported, and they were most probably due to accidental contamination of laboratory equipment.
Samples containing at least 2% GMOs will consistently be detected for both soy beans and maize. For soy beans, this consistency extends even to samples containing 0.5% GMOs in raw material. Samples containing lower amounts of GMOs (0.1% for soy beans and 0.1 and 0.5% for maize) will also be detected a high percentage of the time. 
